Objectives. Cardiovascular disease (CVD) risk calculators developed for the general population do not accurately predict CVD events in patients with RA. We sought to externally validate risk calculators recommended for use in patients with RA including the EULAR 1.5 multiplier, the Expanded Cardiovascular Risk Prediction Score for RA (ERS-RA) and QRISK2.
Introduction
Cardiovascular disease (CVD) risk among patients with RA is increased compared with the general population [1] . CVD risk algorithms developed for the general population are not accurate in RA patients [2, 3] . The QRISK2 calculator includes RA as a risk factor for CVD [4] . The EULAR recommendations for CVD risk management proposed a 1.5 multiplier for RA patients with at least two of: disease duration >10 years, RF and/or ACPA positivity, and presence of severe extra-articular manifestations. However, the multiplier is not based on direct evidence and it is likely to be conservative [1] . A CVD risk algorithm known as the Expanded cardiovascular Risk Score for RA [ERS-RA] , recently developed and internally validated using the Consortium of Rheumatology Researchers of North America (CORRONA) registry, may provide advantages over established risk scores [5] . The ERS-RA reported improved CVD risk prediction after augmenting the traditional CV risk factors with information on RA-specific characteristics, namely RA disease activity, disability, corticosteroid use and disease duration. However, the internal validation compared base and expanded models built on the same dataset because lack of blood pressure and lipid values precluded comparison with general population risk scores.
External validation is necessary to confirm any purported improvement and to determine generalizability of these calculators to other populations. The objective of this study was to externally validate the QRISK2, EULAR 1.5 multiplier and ERS-RA using data from A TransAtlantic Cardiovascular Risk Consortium for RA.
Methods

Study populations
This validation study combined cohorts of patients with RA from seven different countries (UK, Norway, Netherlands, USA, South Africa, Canada and Mexico). Other A Trans-Atlantic Cardiovascular Risk Consortium RA cohorts were excluded due to lack of information on disease activity or CVD death, which were required to evaluate the ERS-RA. Patients in each cohort were included based on physician diagnosis of RA and/or fulfilment of 1987 or 2010 ACR criteria for RA. Cohorts followed patients prospectively through study visits at regular intervals or retrospectively through medical record review. Data were collected using standardized definitions. Each cohort obtained ethics committee approval at their institution and the Mayo Clinic Institutional Review Board approved the cohort aggregation. Informed consent or authorization for use of medical records for research was obtained from each participant.
Traditional CVD risk factors collected at baseline were: age, sex, smoking status (current, former, never), blood pressure, lipid levels (total cholesterol, high density lipoprotein cholesterol, low density lipoprotein cholesterol and triglycerides), BMI, family history of premature CVD, diabetes mellitus and hypertension. Hyperlipidaemia was defined as use of lipid-lowering medications and/or low density lipoprotein cholesterol 54.1 mmol/l (i.e. 160 mg/ dl). Hypertension was defined based on physician diagnosis and/or use of anti-hypertensive medication. Diabetes mellitus was defined based on physician diagnosis and/or use of oral hypoglycaemic medications or insulin. Family history of premature CVD was defined as coronary artery disease in first-degree relatives prior to age 55 years in males and 65 years in females. The CVD outcome was defined as the first event of myocardial infarction, ischaemic stroke or CVD death.
Disease-specific factors collected at baseline included ESR, CRP, swollen and tender joint counts using 28 joints, patient and physician global assessment visual analogue scales, disease duration, HAQ disability index (HAQ-DI) and all anti-rheumatic medications including corticosteroids [6] . Serologic status was defined as positive if either RF or ACPA was reported positive in clinical tests (RF tested in 99% and ACPA tested in 95% of patients). The DAS (DAS28 ESR) was calculated from ESR, swollen and tender joint counts and physician global assessment [7] . The Clinical Disease Activity Index (CDAI) was calculated from swollen and tender joint counts and physician and patient global assessments [8] .
The ERS-RA was calculated using baseline data on age, sex, current smoking status, diabetes mellitus, hypertension, hyperlipidaemia, CDAI > 10, HAQ-DI > 0.5, use of corticosteroids and RA disease duration >10 years [5] . For QRISK2, the Townsend deprivation score, atrial fibrillation and chronic kidney disease were not available in our data, so CVD risk was calculated using a modified QRISK2 algorithm excluding these variables [4] . The EULAR 1.5 multiplier is applicable to patients with two or more of the following: disease duration >10 years, RF and/or ACPA positivity, and presence of severe extra-articular manifestations. The multiplier was assessed for both the Framingham risk score included in the Adult Treatment Panel guidelines (FRS-ATP) and American College of Cardiology/American Heart Association (ACC/ AHA) Pooled Cohort Equation [4, 911] . The Reynolds Risk Score, which includes CRP, was also calculated among cohorts with available data on family history of premature CVD [12, 13] . The outcomes for all the included risk calculators were similar, except stroke was excluded www.rheumatology.oxfordjournals.org from the FRS-ATP and revascularization was included in the Reynolds Risk Score. The Systematic COronary Risk Evaluation (SCORE) was not assessed because its outcome of fatal CVD events is only a subset of the outcomes used for ERS-RA, so they are not directly comparable [14] .
Statistical methods
Patients with CVD prior to baseline were excluded. Multiple imputation was used to impute missing values for the CVD risk factors using 10 repetitions. Available sample size for each variable is listed in Table 1 . Logtransformations were used when imputing lipid levels to avoid bias when computing lipid ratios from imputed data [15] . CDAI values were available in 434 patients. CDAI > 10 was imputed using DAS28ESR > 3.0 in 1362 patients based on a linear regression of subjects with both values (R 2 = 0.89, which agrees with other reports) [16] . The imputation demonstrated only a 10% misclassification rate with 90% sensitivity and 86% specificity. Sensitivity analyses on the 434 patients with available CDAI were also performed.
Evaluating performance of the risk calculators involved assessment of both calibration and discrimination. Calibration is the ability to accurately predict the absolute risk of developing CVD. Expected events were computed from predicted risk estimates and calibration was assessed by comparing observed to expected CVD events [17] . Observed risk estimates for FRS-ATP and Reynolds utilized modified CVD outcomes required for these scores. For this comparison, follow-up >10 years was truncated, and events after 10 years were excluded. For patients with <10 years of follow-up, expected events were adjusted proportionately. Standardized incidence ratios (SIR), being ratios of observed to expected events, were calculated assuming the expected rates were fixed and the observed events followed a Poisson distribution [17] . An SIR >1 indicated the observed events were higher than expected meaning the predicted risk underestimated actual risk. Conversely, SIR < 1 indicated the predicted risk overestimated actual risk. Discrimination is the ability to correctly rank risk from low to high, which was assessed using Harrell's c-statistic. Net reclassification index (NRI), which compares old and new risk calculators by measuring improvement in classification of patients into risk categories, was assessed using survival methods with 95% CIs based on 1000 bootstrap samples using software obtained from http://ncook.bwh.harvard.edu/ sas-macros.html. Risk categories representing the treatment thresholds for the FRS-ATP (i.e. <20% vs 520%) and ACC/AHA (i.e. <7.5% vs 57.5%) were assessed. The 10-year observed CVD event rates were calculated using KaplanMeier methods [18] . Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA) and R 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
In total, 1796 RA patients without prior CVD were included [mean (S.D.) age 54.0 (14.0) years, 74% female; .7) with DAS28-ESR > 3.0 in 81% and DAS28ESR > 5.1 in 38%. Following imputation of CDAI > 10 using DAS28-ESR > 3.0, 80% had imputed CDAI > 10. Mean (S.D.) HAQ-DI was 0.89 (0.77) with HAQ-DI > 0.5 in 59%. As more than half of patients were enrolled at RA incidence, only 18% were using corticosteroids and 36% synthetic DMARDs at baseline. While some patients have higher ERS-RA scores compared with other CVD risk scores, the majority of patients have lower estimated CVD risk by ERS-RA (Fig. 1A and B 15 .5% (13.9%)] was higher than the other risk scores in the majority of patients (Fig. 1C and D) .
Calibration was assessed by SIR. Overall the ERS-RA had a SIR of 0.84 (95% CI: 0.69, 1.02) indicating an overestimation of the observed CVD risk, which did not reach statistical significance and the QRISK2 significantly overestimated the risk of CVD (SIR: 0.45; 95% CI: 0.37, 0.55). However, the FRS-ATP (SIR: 0.63; 95% CI: 0.52, 0.79) and ACC/AHA (SIR: 0.73; 95% CI: 0.60, 0.89) both also significantly overestimated the risk of CVD in this cohort and the Reynolds risk score underestimated the CVD risk (SIR: 1.25; 95% CI: 1.05, 1.48). In fact, the ERS-RA had the SIR closest to 1, meaning it overestimated CVD risk less than the other risk calculators. When examining deciles of predicted risk, the ERS-RA significantly overestimated observed CVD risk in the highest decile, but appeared to predict risk reasonably well in the other deciles ( Fig. 2A) . The QRISK2 and FRS-ATP significantly overestimated risk in the highest decile and a few other deciles ( Fig. 2B and C) . In contrast, there were no significant differences between predicted and observed risks by decile for ACC/AHA (Fig. 2D) The EULAR multiplier was applied to FRS-ATP and ACC/AHA, and criteria for applying the multiplier were met in 373 (21%) patients. The multiplier resulted in greater overestimation of future CVD events (SIR for FRS-ATP: 0.57, 95% CI: 0.46, 0.71 and SIR for ACC/ AHA: 0.62; 95% CI: 0.51, 0.75). In addition, the c-statistics remained unchanged (0.75 and 0.72 for FRS-ATP and ACC/AHA, respectively).
Improvement of a new risk algorithm is often assessed by its ability to correctly reclassify high risk patients above the treatment threshold and low risk patients below the treatment threshold. Using the ACC/AHA 7.5% treatment threshold, the ERS-RA reclassified 118 patients without events and 6 patients with events from low to high risk and 108 patients without events and 8 patients with events from high to low risk. Among patients reclassified from low to high risk, the observed 10-year CVD event rate was 8.6%, which is slightly higher than 7.5% (Table 2) . However, the observed 10-year CVD event rate for patients reclassified from high to low risk was 9.5%, which is not lower than 7.5%. The NRI was low (À0.8%; 95% CI: À8.2, 7.1%). Results were similar when comparing ERS-RA to FRS-ATP using the 20% treatment threshold (NRI: 2.3%, 95% CI: À8.3, 26.6%). The QRISK2 had a low NRI when compared with the ACC/AHA (À2.4%; 95% CI: À10.9, 6.5%). The NRI comparing the QRISK2 to FRS-ATP was higher than the other comparisons, but it did not reach statistical significance (NRI: 25.0%, 95% CI: À9.4, 34.7%). The EULAR multiplier only reclassified six patients above the 7.5% treatment threshold for the ACC/AHA calculator and three patients above the 20% treatment threshold for the FRS-ATP calculator, so the NRI was negligible.
Examination of the patients reclassified from low to high risk by ERS-RA revealed that this group consisted predominantly of two different types of patients. The first type included patients with few CVD risk factors and several RA-specific factors (i.e. disease duration, disease activity, disability and corticosteroid use). The second type included patients without RA-specific factors who had well-controlled hypertension and/or hyperlipidaemia, who were able to achieve lower CVD risk estimates by ACC/AHA, but not by ERS-RA. Examination of the patients reclassified from high to low risk revealed this group consisted predominantly of patients with untreated or undiagnosed hypertension or hyperlipidaemia or those with low high-density lipoprotein cholesterol, and patients with few RA-specific factors. Some patients with one or two unfavourable RA-specific factors still had lower CVD risk estimates by ERS-RA than by ACC/AHA. Because CDAI was available in the three cohorts with the lowest CVD event rates, sensitivity analyses in this subset without imputed CDAI showed the ERS-RA substantially overestimated CVD risk (SIR: 0.32, 95% CI: 0.18, 0.61).
Each CVD risk calculator was designed to be applicable in different age ranges (ERS-RA: all adult ages; QRISK2: In a third sensitivity analysis, only patients with >1 year disease duration at baseline were evaluated (694 patients with 22 first CVD events and mean disease duration of 12 years). All risk calculators substantially overestimated CVD risk in this subset of patients, as all SIRs were significantly <1 [ERS-RA: 0.39 (95% CI: 0.26, 0.59); QRISK2: 
Discussion
Despite the inclusion of RA-specific risk factors, the ERS-RA, QRISK2 and EULAR 1.5 multiplier did not improve CVD risk predictions for patients with RA compared with general population CVD risk calculators. The ERS-RA algorithm produced comparable or lower risk estimates than other CVD risk calculators. While calibration was slightly improved for the ERS-RA algorithm compared with FRS-ATP or ACC/AHA, discrimination and classification were unimproved. In contrast, QRISK2 had higher risk estimates than the other risk algorithms resulting in poor calibration with no improvement in discrimination and little improvement in classification. The EULAR multiplier reduced calibration without improving discrimination or classification.
The low CVD risk in our cohort, which led to SIR < 1 in all assessments of calibration, was unexpected, as previous reports have found higher CVD risk in patients with RA than in the general population and have reported that risk scores for the general population underestimate risk among patients with RA [13] . However, our event rates are actually higher than those reported in the CORRONA cohort used to develop the ERS-RA (combined CVD event rate: 8.0 vs 6.4; myocardial infarction: 6.3 vs 2.5; stroke 3.1 vs 3.0; CVD death: 1.7 vs 1.0/1000 person-years in our cohort and CORRONA, respectively) [5] . Furthermore, all centres re-reviewed their data and found no evidence for under-ascertainment of CVD events. However, CVD event rates may differ in the general populations of the countries included, which could impact our results. Another possible explanation is that lower CVD event rates in recent years may be due to variability in aggressiveness of RA and CVD risk factor management. While this may affect our assessment of calibration, it has little impact on the relative comparisons between the risk calculators, which are the focus of our analyses.
Examination of patients reclassified by ERS-RA revealed limitations related to its reliance on physician diagnoses of hypertension and hyperlipidaemia, which are known to be under-diagnosed and under-treated in patients with RA [19, 20] . Hyperlipidaemia is a non-specific, general term which is not defined in the latest ACC/AHA, European Atherosclerosis Society or European Society of Cardiology guidelines for CVD prevention [11, 21, 22] . The lack of consensus criteria for hyperlipidaemia was worrisome; however, our cohort had higher hyperlipidaemia rates than the ERS-RA derivation cohort (35% vs 15%). Another limitation of ERS-RA was that successful treatment for hypertension and/or hyperlipidaemia did not result in reduced CVD risk estimates.
The poor calibration of QRISK2 may be related to our inclusion of cohorts from multiple countries, which may have different underlying CVD rates than the UK. Also, the modified version of the QRISK2 without Townsend deprivation score, atrial fibrillation and chronic kidney disease may have poorer performance. Furthermore, QRISK2 is arguable as an RA-specific risk calculator since it includes an RA indicator, but not RA-specific characteristics [5] . The EULAR multiplier was only applicable in 21% of our patients and only a handful of patients were actually reclassified above the treatment thresholds for FRS-ATP and ACC/AHA, so the practical implications of the multiplier are extremely limited, which confirmed its conservativeness [1] .
In contrast to general population CVD risk scores, which are developed using large population-based cohorts with long follow-up, these RA risk calculators may be less reliable due to constraints related to data availability. Large population-based cohorts of patients with RA with long follow-up are lacking, partially due to the low prevalence of RA, which is around 1% of the population. Even in the QRISK2, which is a general population CVD risk calculator developed using a large cohort of patients, the number of patients with RA upon which the RA risk estimate is based was likely small. The ERS-RA was developed using registry data and the mean follow-up was <3 years, which may lead to inaccuracies in estimation of 10-year CVD risk. The EULAR multiplier was developed based on expert opinion and evidence from the literature and its performance was not formally assessed by the developers.
Furthermore, the utility of RA-specific CVD risk calculators is debatable. Minimizing disease activity is the goal of disease management in patients with RA, and there is no evidence that even more aggressive therapy specifically to target CVD risk, instead of joint disease, would be of benefit [23] . Evidence that traditional risk factors should be managed differently in patients with RA is also lacking. Hence, while accurately predicting CVD risk in patients with RA is important, the clinical utility of an RA-specific risk calculator is questionable. Further research is needed to determine the optimal strategies to lower CVD risk in patients with high CVD risk due to RA disease activity.
Strengths of our study include the use of many wellestablished cohorts assembled by prominent researchers. While inclusion criteria varied between centres, all RA diagnoses were confirmed by experienced rheumatologists. Furthermore, the cohorts were either populationbased or included all consecutive patients, minimizing selection bias issues. However, referral bias cannot be excluded due to the inclusion of referral centres, and these data from well-organized academic centres may not be generalizable to other practice settings. Other study limitations include possible differences in measurement of CVD risk factors and events, despite use of standardized variable definitions. Cohort surveillance methods differed as some cohorts evaluated their patients at regular intervals and others retrospectively reviewed medical records. In addition, CVD events were not adjudicated and some centres contributed few CVD events. However, inconsistencies in risk factor definitions likely mimic the real-world application of these calculators, as physicians applying them are unlikely to ensure their measurement methods exactly agree with those used in algorithm development. Furthermore, imputation of CDAI > 10 using DAS28ESR > 3.0 could be questioned, as high disease activity is typically defined as DAS28ESR > 5.1 [24] . However, using a higher cut-point would result in lower ERS-RA estimates, which were already lower than other risk calculator estimates. So increasing the DAS28ESR cut-point would further decrease the performance of ERS-RA. While mean followup was only 7 years, this was similar to the QRISK2 derivation cohort [4] . Finally, the RA-specific SCORE adaptation could not be evaluated, because our cohort included the adaptation derivation cohort, and because the fatal CVD outcome used in SCORE obfuscates direct comparisons [25] .
In conclusion, RA-specific risk calculators did not predict CVD risk in patients with RA more accurately than the general population risk calculators. Thus, based on our assessment, it does not appear that these RA-specific CVD risk calculators are clinically useful. However, further validation work is warranted to determine whether these RA-specific calculators may be useful in subsets of patients with RA or certain populations. Furthermore, the issue of accurate CVD risk assessment for patients with RA still needs to be addressed, so more research is needed to build an accurate CVD risk calculator for patients with RA.
